A 51-year-old woman presents with a generalized tonic-clonic seizure. After a brief postictal period, she recovers fully and does not report headache or other neurologic symptoms. She takes no medications and her medical history is unremarkable. Computed tomography of the head suggests a right occipital arteriovenous malformation, without evidence of hemorrhage. Computed tomographic angiography, magnetic resonance imaging, and magnetic resonance angiography of the brain show a right occipital arteriovenous malformation, 3.5 cm in diameter, as well as a feeding-artery aneurysm, 1.5 cm in diameter. How should her case be further evaluated and managed?
sional cases are associated with other abnormalities (e.g., Osler-Weber-Rendu disease and the Sturge-Weber syndrome 16,17 ), arteriovenous malformations are not regarded as familial, and the overwhelming majority of cases are sporadic.
The increased use of advanced imaging technologies has led to the identification of more arteriovenous malformations, including many that are asymptomatic. 11 This article focuses on the management of arteriovenous malformation, either symptomatic or incidentally discovered, in adults. The short-term management of ruptured arteriovenous malformations is beyond the scope of this article. This illustration depicts the arteriovenous malformation and aneurysm in the brain of the patient in the case vignette.
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S t r ategie s a nd E v idence
Evaluation
Imaging
Arteriovenous malformations may be visualized with the use of computed tomography (CT) or computed tomographic angiography (CTA), magnetic resonance imaging (MRI) or magnetic resonance angiography (MRA), or catheter angiography. CT scans are sensitive in the detection of acute hemorrhage, but other imaging techniques are needed to provide a detailed view of the arteriovenous malformation. CTA provides better vascular detail than MRA, whereas MRI and MRA permit better visualization of the relation of the arteriovenous malformation to surrounding cerebral structures ( Fig. 2A and 2B ). Additional information may be obtained with the use of functional MRI, to identify eloquent (or functional) brain tissue, and diffusion-tensor imaging, to identify important white-matter tracts. Angiography remains the standard by which to evaluate the architecture of arteriovenous malformation, including the presence or absence of associated aneurysms, presence or absence of obstruction of venous outflow, and pattern of venous drainage (Fig. 2C ). Risks associated with angiography include stroke, arterial injury, and reactions with contrast medium, but the rates are less than 1%. 18 Three-dimensional MRA, available in some centers, may provide additional detail to guide interventions, as may three-dimensional angiography (see the Supplementary Appendix, available with the full text of this article at www.nejm.org).
Risk Assessment
Once an arteriovenous malformation is identified, management decisions are made by weighing the risks of leaving the malformation untreated against the risks of intervention. There are currently no data from randomized, controlled trials to guide such decision making. Rather, these decisions must rely on observational data regarding outcomes with intervention and those without.
Natural History of Untreated Arteriovenous Malformations
A large autopsy study concluded that 12% of arteriovenous malformations become symptomatic during the lifetime of the patient, 14,19 whereas other studies have suggested that most malformations will bleed at least once. 3,5 These discrepancies may relate to incomplete data on bleeding events in the autopsy studies or overestimation of the risk of bleeding in studies that are not population-based. The overall risk of hemorrhage of arteriovenous malformations is estimated at 2 to 4% per year, 5, 6, 8, 20 and hemorrhage is associated with a 5 to 10% chance of death and a 30 to 50% chance of permanent or disabling neurologic deficits. 3 After an initial hemorrhage, the annual risk of a subsequent hemorrhage has been reported to range from 4.5 to 34.4% [4] [5] [6] 21, 22 ; the best estimate is approximately 6% during the first year, with a return to the baseline risk afterward. 8, 23 In a prospective study of 622 patients with arteriovenous malformations who were followed for a mean of 2.3 years, the annual risk of hemorrhage with conservative management was 5.9% among patients who presented with hemorrhage (45.3% of the group), as compared with 1.3% among those who did not. 6 Several characteristics specific to arteriovenous malformation may also predict an increased risk of hemorrhage, including the presence of aneurysms (feeding artery, intranidal, or venous), drainage into the deep venous sinuses, deep location (i.e., basal ganglia, internal capsule, thalamus, or corpus callosum), a single draining vein, and venous stenosis; in addition, some data, but not all, suggest that risk increases with decreasing diameter of the malformation. 6,24-27 Arterial aneurysms, which may occur in any segment of the feeding arteries, also can rupture and hemorrhage. The larger the aneurysm, the greater the risk of rupture. 20, 28 However, the data are conflicting regarding some of these purported risk factors. 4, 6, 8, 27, 29 For example, in the prospective, longitudinal study noted above, 6 three features -previous hemorrhage, deep venous drainage, and deep location -were significant, independent predictors of the risk of hemorrhage of an arteriovenous malformation. The annual risk of hemorrhage of a previously unruptured arteriovenous malformation was 1% if neither of the other two factors was present, 3% if one was present, and 8% if both were present; the corresponding annual risks of hemorrhage of previously ruptured arteriovenous malformations were 5%, 11 to 15%, and 35%, respectively. However, neither the presence of aneurysms related to arteriovenous malformation (intranidal or feeding artery) nor diameter of the malformation (larger or smaller) was associated with a significantly increased risk of hemorrhage during the follow-up period in this cohort. In the study, aneurysms related to arteriovenous malformation were associated with hemorrhage at presentation; thus, the lack of association between aneurysms and subsequent hemorrhage may reflect a selection bias (i.e., that patients presenting with bleeding aneurysms related to arteriovenous malformation were expeditiously treated and that those subsequently followed prospectively were at reduced risk for rupture).
Management
In cases in which the risk of hemorrhage is considered sufficiently high to warrant intervention (taking into account features of the arteriovenous malformation, age and preferences of the patient, and presentation), treatment options include surgical resection, radiosurgery, or embolization (or a combination of these, in some cases). Trials directly comparing these approaches with one another or with observation are lacking, and information on outcomes derives largely from case series. Involvement of a multidisciplinary team with expertise in neurosurgery, endovascular intervention, and radiation therapy is recommended, to provide all therapeutic options. Complete obliteration of the arteriovenous malformation is the goal of treatment, since partial obliteration appears to offer little or no protection from hemorrhage and may actually increase the risk.
Surgical Resection
Surgical resection has the advantage of resulting in the immediate cure of the arteriovenous malformation, but there are risks associated with surgery, and even if the risk is quite low, surgery is not appropriate in all cases. Decisions as to which lesions are most amenable to surgery are commonly based on the Spetzler-Martin scale, 30 which is used to grade arteriovenous malformations on the basis of three characteristics shown to be predictive of surgical outcomes: the maximum diameter of the arteriovenous malformation, its location (within or outside the eloquent cortex), and the presence or absence of deep ve- nous drainage (Table 1 ). The higher the grade (the sum of the scores for these three features), the more complex and risky the surgical treatment of the lesion. Depending on the age and general health of the patient and other characteristics of the arteriovenous malformation, patients with grades I to III arteriovenous malformations are typically offered surgical resection (for grade III lesions, often after embolization). In case series, reported rates of permanent weakness or paralysis, aphasia, and hemianopsia are 0 to 15%, and most report no deaths. 31, 32 In contrast, surgical resection has been associated with much greater rates of complications and death in patients with grade IV or V arteriovenous malformations; this method is thus often avoided. 31,33,34
Radiosurgery
Radiosurgery is often recommended if an arteriovenous malformation is less than 3 cm in diameter and is located in an eloquent area where surgery is likely to cause a neurologic deficit. Although radiosurgery avoids a craniotomy, a disadvantage is that there is a lag period of approximately 1 to 3 years from the time of treatment to potentially complete obliteration of the arteriovenous malformation, during which time there continues to be a risk of hemorrhage. Moreover, a large, prospective study of 500 patients (median follow-up, 7.8 years) 35 showed that the risk of hemorrhage was greatly reduced (by 88%), but not eliminated, after obliteration as compared with before radiosurgical treatment, according to imaging studies. 35 Reported cure rates for radiosurgery range from 81 to 90% for lesions less than 3 cm in diameter, with lower cure rates for larger lesions 35-37 (in one series, 69% for lesions at least 3 cm in diameter). Complication rates are variable and depend on the radiation dose. Early complications include seizures, nausea, vomiting, and headaches, most of which are self-limited. Delayed complications, which can occur weeks to years after treatment, include seizures, hemorrhage, radionecrosis, progressive edema, and venous congestion; in rare cases, these can be life-threatening. A recently published series reported a 5.2% incidence of transient neurologic deterioration and a 1.4% incidence of permanent neurologic deficits. 35 The larger the lesion, in particular those greater than 3 cm in diameter, the greater the likelihood of these complications and the lower the likelihood of the cure of the arteriovenous malformation. [35] [36] [37] [38] [39] Recently, promising early results have been reported for larger lesions (including those of grade IV and grade V) with the use of staged radiosurgery, which targets different components of the arteriovenous malformation during different sessions. 40 
Embolization
Embolization involves occluding blood flow to an arteriovenous malformation by using endovascular catheters to deposit occlusive materials into the feeding arteries and nidus. Embolization can be curative in a minority of cases, particularly for lesions less than 1 cm in diameter that are fed by a single artery. 41,42 Improved obliteration rates (of approximately 20%) have been reported for the use of a recently developed embolic agent (Onyx), 42 which may allow for apparently safer and more effective deployment of this glue. Complications of embolization of the arteriovenous malformation have been reported in 6 to 14% of cases; the majority of complications are minor problems related to catheterization, but major hemorrhage, major stroke, and death have also been reported. [42] [43] [44] 
Management of Aneurysms Associated with Arteriovenous Malformation
Aneurysms are found in up to 58% of patients with arteriovenous malformation. 45 Management of the aneurysms varies, depending on their location and diameter. If the aneurysm is in an artery that does not feed the arteriovenous malformation, it is managed similarly to intracranial aneurysms in patients without arteriovenous malformation. Cases involving an aneurysm in an artery that feeds the arteriovenous malformation are more complex. Feeding-artery aneurysms less than 5 mm in diameter have been reported to regress after treatment of the arteriovenous malformation in some cases, 28 but in other cases, to rupture after treatment, probably owing to the resultant increase in transmural pressure. 46 Given concern about possible rupture, microsurgical clipping or endovascular coiling of the aneurysm, particularly if greater than 7 mm in diameter, 24 is often performed before treatment of the arteriovenous malformation (Fig. 3) . Given their location within the lesion, intranidal aneurysms are treated in conjunction with the arteriovenous malformation.
Multidisciplinary Therapy
Although data are limited, the use of more than one treatment method appears to be useful in selected patients. Embolization is often used to reduce blood flow to an arteriovenous malformation, in preparation for surgical resection (Fig. 4 and 5). Reduction of flow, particularly that contributed by deep feeding arteries, reduces the risks associated with surgery. 7,44 Patients who have arteriovenous malformations that have hemorrhaged may also have a short-term benefit from embolization targeting the specific component of the malformation that is the likely site of hemorrhage (e.g., an associated aneurysm); surgery can then be performed when the associated swelling resolves. In some cases, such as for large arteriovenous malformations, radiosurgery has also been used as an adjunct to either partial embolization or partial resection.
A r e a s of Uncer ta in t y
Which patients with arteriovenous malformations should be treated and how best to treat them remain uncertain. T h e n e w e ng l a n d j o u r na l o f m e dic i n e n engl j med 356;26 www.nejm.org june 28, 2007 2710 venous malformations is controversial; there is particular uncertainty regarding effects of the diameter of the arteriovenous malformation, the presence or absence of associated aneurysms, and the age at presentation on the risk of hemorrhage. Furthermore, the availability of treatment methods, as well as experience with their use, varies across centers and physicians. Data from randomized trials to guide management decisions are currently lacking. An ongoing multicenter randomized trial, A Randomized Trial of Unruptured Brain Arteriovenous Malformations (ARUBA), is comparing treatment of unruptured lesions with conservative management of them. The heterogeneity of the disease process and the treatment methods used will need to be considered in applying the results of the trial, once they are available, to individual patients.
Some reports suggest that the risk of rupture of an arteriovenous malformation may be increased during pregnancy. 48, 49 Although the treatment of unruptured arteriovenous malformations is not generally recommended during pregnancy, pregnant women who present with hemorrhage of an arteriovenous malformation appear to be at high risk for rebleeding, which provides support for strong consideration of treatment during pregnancy. 33, 50 Guidel ine s from Profe s siona l S o cie t ie s 
Sum m a r y a nd R ec om mendat ions
In a patient found to have an arteriovenous malformation on imaging studies, such as the one described in the case vignette, angiography is indicated to further delineate the lesion and to assess features that can be associated with an increased risk of hemorrhage. Although data from randomized trials to guide the choice of intervention are lacking, treatment (surgical resection, radiosurgery, embolization, or a combination of these) is generally considered appropriate for arteriovenous malformations that are grade I to III. 24, 33 The choice of therapy will depend on the specific features of the lesion, with consideration of the age of the patient, presence or absence of bleeding and associated aneurysms, diameter and location of associated aneurysms, and pattern of ve- nous drainage. Given the complexity of not only the treatment but also of the decisions regarding the best course of care, patients should be cared for in centers with expertise in the various treatment methods. In the patient described in the case vignette, who has an arteriovenous malformation 3.5 cm in diameter and an associated aneurysm, I would recommend initial microsurgical clipping of the aneurysm, followed by endovascular embolization of a main feeding artery and, thereafter, microsurgical resection of the arteriovenous malformation.
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